ABSTRACT Dow AgroSciences has modiÞed cotton plants (Gossypium hirsutum L.) by inserting a gene from Bacillus thuringiensis Berliner subsp. aizawai that produces an insect-active, full-length Cry1F delta-endotoxin, and is planning to commercialize insect-resistant cotton lines expressing this protein. These cotton lines control tobacco budworm, Heliothis virescens (F.), along with other lepidopteran larvae. A laboratory study was conducted to better understand the degradation of Cry1F protein in a representative soil from the midsouth cotton-growing area of the United States. Bioassay results with tobacco budworm were used to measure the relative titer of the protein in the soil after a series of incubation periods. Based on the decrease in toxicity over time, the half-life of the microbial Cry1F delta-endotoxin was estimated to be less than 1 d under laboratory conditions, indicating a rapid decay rate in soil.
VARIOUS CROP PLANTS have been imparted with insect resistance through the insertion of several different genes from Bacillus thuringiensis Berliner (Bt). Dow
AgroSciences has modiÞed cotton plants (Gossypium hirsutum L.) through the insertion of a gene from Bt subsp. aizawai that produces an insect-active, fulllength Cry1F delta-endotoxin (Chambers et al. 1991) , and is planning to commercialize insect-resistant cotton lines expressing this protein. These cotton lines control tobacco budworm, Heliothis virescens (F.), along with other lepidopteran larvae. A laboratory study was conducted to better understand the degradation of Cry1F protein in a representative soil from the midsouth cotton-growing area of the United States. Bioassay results with tobacco budworm were used to measure the relative titer of the protein in the soil after a series of incubation periods (Sims and Holden 1996) . Insect bioassays have become the preferred method of measuring the degradation of Bt toxins in soil due to extraction problems experienced with enzyme-linked immunosorbent assays (Palm et al. 1994 ). This technique also allows the decrease in functional toxicity and bio-availability of the proteins to be monitored directly, and therefore provides a realistic measure of potential exposure to the toxin in the environment. Furthermore, degradation of the protein appears to be the reason for inactivation in aged soil samples, rather than sequestration, because bioassays with freshly Cry1F-fortiÞed soil samples yielded similar tobacco budworm results to those obtained with aqueous suspensions of the Cry1F protein applied without soil (R.A.H., unpublished data). This result indicates that tobacco budworm are capable of extracting the intact Cry1F from fortiÞed soil.
Materials and Methods
Soil Treatment and Incubation. To obtain sufÞcient quantities of Cry1F delta-endotoxin for this study, microbe-produced protein was used. Pseudomonas fluorescens was modiÞed to express the same Cry1F delta-endotoxin as that expressed in transformed cotton. The protein was isolated as a 30% pure powder from cultures of this bacterium. The full-length designation indicates that the gene codes for a full-length protein, and differentiates this genetic construct from others where a truncated gene has been inserted.
A representative soil (Commerce silt-loam, Finesilty, Mixed, Nonacid, Thermic Aeric Fluvaquents) from the midsouth cotton-growing area of the United States was obtained from Wayside, MS. Soil characterization results are summarized in Table 1 . An aqueous mixture (2.37 mg Cry1F powder/ml) of the Cry1F powder was pipetted (160 l/vial) onto soil samples (2 g dry-weight in 50-ml conical vial) to achieve a target concentration of 190 g powder/g soil (57 g [AI]/g soil). The volume of water applied along with the test substance was calculated to bring the soil moisture to Ϸ100 kPa (75% of the one-third bar water holding capacity, Anonymous 1982) . The soil contained 0.0591 ml of water per gram of soil before use.
Soil was held in 50-ml conical vials into which a small (Ͻ2 mm diameter) hole was made to allow for gas exchange. The vials were placed in an air-tight vessel containing a reservoir of 0.2 N sodium hydroxide to absorb excess carbon dioxide. The vessel was held under low-pressure oxygen at Ϸ25ЊC. To produce treated soil samples at a series of incubation times, vials were removed from the incubator at 0, 1, 2, 4, 8, 16, and 32 d and placed in a Ϫ80ЊC freezer. Controls consisting of soil with no treatment and soil with water treatment (160 l/vial) also were prepared and placed in a Ϫ80ЊC freezer after 32 d of incubation. The soil with no treatment was used to prepare spiked controls, and the soil with a water treatment was used to prepare negative controls.
Insect Bioassays. One vial from each of the seven incubation periods, and one negative control vial were removed from the freezer on each of two insectbioassay dates. A vial of untreated soil also was removed from the freezer on each bioassay date and fortiÞed with a freshly prepared solution of the Cry1F powder at the same concentration as the incubated samples (190 g powder/g soil). This spiked control was used as a reference treatment to investigate the stability of the protein in the frozen soil samples.
A 0.2% aqueous-agar solution was added to each vial to achieve a 20-ml Þnal volume. The vials were shaken to suspend the soil in the agar. Eight concentrations were generated from each vial by three-fold serial dilution in 0.2% agar (Ͼ2,000-fold concentration range). Aliquots of the suspensions were applied to the surface of artiÞcial insect diet (Multiple species insect diet, Southland Products, Lake Village, AR) in 128-well bioassay trays (C-D International, Pitman, NJ). Approximately 500 l of diet was in each well with an approximate surface area of 1.5 cm 2 . Fifty microliters of each treatment was applied into each of 16 wells on each bioassay date. The surface of the diet was allowed to dry before infesting each well with a single neonate tobacco budworm (Dow AgroSciencesÕ colony). The wells were covered using vented lids provided with the bioassay trays.
A soil control, an agar control, a positive insecticidal control (Spinosad at 333 ng [AI]/cm 2 ) and a formulation blank for the insecticidal control (2:1 acetone: water) were also included in each bioassay. After holding the bioassays for 7 d at Ϸ27ЊC, mortality data were collected and the weight of the live insects was determined, as a group, for each treatment.
Statistical Analysis. The total weight of live insects for each treatment was compared with the mean total weight of live insects for the three negative controls (soil, agar and 2:1 acetone:water) to determine a percent growth inhibition for each treatment within each bioassay. For each incubation period, the probit of the growth inhibition was regressed against the base-10 logarithm of the initial concentration (ng [AI]/cm 2 of insect diet) and the resulting equation of the line was used to predict the concentration that inhibits growth by 50% (GI 50 ) and 95% CL around the estimate (SAS Institute 1990). The increase in the GI 50 over time was used to index degradation.
Results and Discussion
Bioassay Results. As expected, the spinosad control induced 100% tobacco budworm mortality in both bioassays, which indicates that the insects were exposed to the treatments. Average mortality for the negative controls was 2.1 and 4.2%, for the two experiments and did not exceed 13% for any single control group (16 insects) in any experiment. Mortality at the highest Cry1F concentration of 190 ng [AI]/cm 2 of diet (based on initial spiking concentration) was below 40% after only 1 d of incubation in soil, so LC 50 values were not useful for indexing degradation (Table 2). It was possible to calculate meaningful GI 50 s for the Þrst three soil-incubation intervals (0 d, 1 d, and Negative growth-inhibition values were set to zero to improve the readability of the table. Each value represents the average across 32 insects.
2 d), but by the fourth time-point at 4 d, growth inhibition at the top Cry1F concentration had fallen to Ͻ15%. Treatments with soil from the remaining incubation intervals (8, 16, and 32 d) also produced little or no effects on the tobacco budworm. Therefore, only the Þrst three incubation intervals were useful for estimating the speed of Cry1F degradation in soil (Table 3) . There was no statistical difference between the potency seen with the spiked control and the 0-d incubation period in soil, which indicates that significant degradation of the Cry1F did not occur once treated soil samples were frozen (based on overlap of the 95% CL around the GI 50 s). The potency of the spiked control was numerically greater than for the 0-d incubation treatment. However, if this reßects degradation in the frozen samples, then the actual degradation of the Cry1F incubated in soil is more rapid than the estimates made here.
Based on the increase in the GI 50 s, the Cry1F protein titer decreased by Ͼeight-fold during the Þrst day of incubation in soil and by over 400-fold during the next day of incubation. These observations indicate that the half-life of the active Cry1F delta-endotoxin is less than 1 d.
Discussion
This study indicates that the full-length Cry1F delta-endotoxin is highly labile in a soil representative of that in which the target transgenic crop (cotton) will be grown. Our results agree with previous work that made use of plant material containing different Bt toxins (Palm et al. 1994 , Sims and Holden 1996 , Sims and Ream 1997 . Previous work investigating the degradation of toxin preparations isolated from Bt subsp. kurstaki has been interpreted to indicate that single Bt proteins expressed in transgenic plants could persist in soil for long periods of time (Tapp and Stotzky 1998, Crecchio and . However, the experimental procedures employed make it difÞcult to bridge this work to an understanding of transgenic Bt-protein fate in the environment. The presence of a single Bt toxin, from a transgenic source, and the use of a soil representative of that found in a typical cotton growing area may have contributed to the short residual of the Cry1F protein in this study. For these reasons, the Cry1F protein expressed in plants is most likely highly labile under Þeld conditions. We believe that soil-degradation research conducted to determine the stability of proteins produced by transformed plants should use protein from a transgenic source, and include soil that is representative of the relevant agro-ecosystem in which the target crop is grown. 
